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[57] ABSTRACT

Improved method and apparatus for identifying and
quantizing a substantially periodic, steeply rising wave-
front of a signal in the possible presence of low ampli-
tude interference. A time derivative of at least the steep
wavefront is obtained. The derivative is then integrated
over a predetermined interval in each of successive
repetitions of the steep wavefront, the interval being
that during which the derivative exceeds a reference
level. A threshold value is established, preferably dy-
namically, to verify or validate that when the derivative
exceeds the reference level it indeed represents the
steeply rising wavefront. The integrated derivative is
recognized as the quantized value of the steeply rising

- wavefront only if such verification occurs. The inven-

tion is suited to oscillometric determination of systolic
pressure in a patient, where measurement of signal am-
plitude is preferably achieved by integrating the time

derivative of the systolic rise wavefront. |

14 Claims, 13 Drawing Figures
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SYSTOLIC PRESSURE DETERMINING
APPARATUS AND PROCESS USING
INTEGRATION TO DETERMINE PULSE
- AMPLITUDE

BACKGROUND OF THE INVENTION

The present invention relates generally to waveform
analysis, a particular application of such waveform

analysis being in the field of blood pressure monitoring,

particularly as relates to automatic monitoring of sys-
tolic blood pressure. | |

The prior art is replete with devices for measuring
systolic pressure of a living subject. An old and simple
device is a pressurizeable cuff used in combination with

a mercury manometer which reads pressure in the cuff

and a stethoscope which is used to listen to Korotkof
sounds. In another advanced method of measuring
blood pressure, the distance from a blood pressure cuff
to the wall of an artery is accurately determined by
measuring Doppler shifts of sound waves reflected by
the artery. In yet other methods for measuring blood
pressure intrusive devices are often inserted directly
into blood vessels.

Oscillometric methods of determining systolic pres-
sure are also well known in the art. In such methods, the
operator observes the representation of the strength of
pulsations of pressure within an artery. This can be done
visually, as by watching the extent of bouncing at the
top of a mercury column In a mercury manometer
which is 1n pressure communication with the cuff or
indirectly as by measuring the occlusion which occurs
to a blood vessel in the pinna of the ear as pressure is
exerted thereon. These oscillometric methods generally
define systolic pressure to be the maximum applied
pressure with which threshold oscillations are observed
to occur. With a typical mercury manometer and pres-
surized cuff, this pressure would then be the highest
pressure which the operator noted bouncing on the top
of the mercury column as the pressure in the cuff was
slowly and relatively uniformly reduced. However
there are 1naccuracies associated with this method for
determining threshold oscillations, since the inertia of
the mercury column does not allow it to noticeably
respond to narrow width pressure pulses. |

Each of the aforementioned techniques or devices for
measuring systolic pressure exhibit some form of short-
coming such as inaccurate response to narrow width
pressure pulses or the requirement for sophisticated
and/or expensive measuring equipment.

There is described in U.S. Patent application Ser. No.
578,047, filed May 15, 1975 by Link et al for Apparatus
and Process for Determining Systolic Pressure, as-
signed to the present assignee and incorporated herein
by reference, a method and apparatus for automatically
and relatively simply obtaining accurate systolic blood
pressure measurements, thereby overcoming the short-

comings of the aforementioned devices. That device

determines systolic pressure by applying pressure to a
living test subject by changing pressure in a pressure
cuff attached to the subject adjacent a blood vessel; by

measuring at the cuff a quantity proportional to a time |

dependent fluctuating component representative of the
pulsatile pressure within the blood vessel, which quan-
tity 1s proportional to the amplitude of the pulsatile
pressure; by determining the maximum value attained
by the quantity as the applied pressure is changed; by
storing a representation of the maximum value; by de-
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termining when the quantity is substantially equal to
about one half of the maximum value for an applied
pressure greater than the pressure applied when the
maximum value occurs or results; and by reading out
the applied pressure corresponding to the quantity
being substantially equal to about one half of the maxi-
mum value, the readout pressure corresponding to the
systolic pressure of the subject. The signal from the
pressure cuff comprises a fluctuating quantity propor-
tional to a sum, that sum comprising a time dependent
fluctuating component proportional to the amplitude of
the pulsatile pressure within the blood vessel, which
component has a steeply rising wavefront between end
diastole and systole, plus the selectively changeable
pressure applied externally adjacent the blood vessel by
the cuff.

In U.S. Patent application Ser. No. 754,201 by J. D.
Haney and W. Jansen for Systolic Pressure Determin-
ing Apparatus and Process Using Integration to Deter-
mine Pulse Amplitude, filed Dec. 27, 1976, there is
described a systolic blood pressure monitor of the gen-
eral type described in the aforementioned U.S. patent
application Ser. No. 578,047 and being improved in a
manner assuring increased accuracy in the determina-
tion of systolic blood pressure. The improved monitor
does not use a peak-to-peak detector for determining
the amplitude of the steeply rising wavefront of the
fluctuating component of the signal from the cuff, but
instead, differentiates the cuff signal to obtain the time
derivative of the fluctuating component, and then inte-
grates a portion of the derivative. '

The time derivative signal extends above a zero refer-
ence level from the time of end diastole through systolic
rise to the systolic peak. Thus, the “above 0 area under
the time derivative waveform is representative of the
peak-to-peak magnitude (diastolic-to-systolic) of a re-
spective blood pressure pulse. By integrating the
“above 0” portion of the time derivative waveform an
integral value is obtained which is proportional to the
area under the waveform and, accordingly, is represen-
tative of the peak-to-peak magnitude of the blood pres-
sure pulse. This integral value is then available for use
on a beat-to-beat basis for determining the maximum
value attained by the fluctuating component from the
cuff and later determining one half of that maximum
value in the determination of systolic pressure.

In the apparatus of the aforementioned application

-U.S. Ser. No. 754,201 by Haney and Jansen, the integra-

tion of the time derivative waveform was delimited by
the positive-going crossing of the zero reference at the
beginning and the negative-going crossing of the zero
reference at the end. However, certain artifacts in the
cuff signal during the diastolic drop, such as due to
patient movement, may result in the time derivative
waveform exceeding the zero reference for a brief time
other than between end diastole and the systolic peak.
Although generally much smaller in magnitude than the
“above 0 passage of the signal derivative during sys-
tolic rise, this otherwise superflucus “above 0” passage
of the artifact time derivative may be included in the
determination of an integral value for use in the beat-to-
beat determination of that peak-to-peak value represen-
tative of one half of the maximum peak-to-peak value,
and thereby impair the accuracy of the systolic pressure
determination.
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SUMMARY OF THE INVENTION

In its broadest sense, the invention comprises an im-
proved means and method for identifying and quantiz-

ing an essentially periodic, steeply rising wavefront of 5

- an input signal in the possible presence of low amplitude
interference, and possibly also high amplitude low fre-
quency interference signals. Such improved apparatus
comprises means for obtaining a representation of the
time derivative of at least the steeply rising wavefront
portion of the input signal; means for obtaining the time
integral of the time derivative representation over an
interval of predetermined limits in each of successive
repetitions of the steeply rising wavefront, the interval
being the time during which the time derivative re-
presntation exceeds a predetermined reference level;
means for establishing a threshold level signal represen-
tative of the magnitude of substantially only the time
derivative representing the steeply rising wavefront;
means for comparing the time derivative representation
of the input signal with the threshold level signal while
the time derivative representation exceeds the reference
level to provide a control signal indicative of whether
or not the time derivative representation exceeding the
reference level is representative of a valid steeply rising
wavefront; and means responsive only to a validating
indication that a particular time derivative representa-
tion exceeding the reference level is a valid steeply
rising wavefront for recognizing the respective integral
of the particular time derivative representation as the
quantized value of the steeply rising wavefront.

The method of the invention comprises converting
the input signal into a representation of a time deriva-
tive of at least a steeply rising wavefront portion of the
input signal; determining the time integral of the time
derivative representation over an interval of predeter-
mined limits in each of successive representations of the
steeply rising wavefront, the interval being the time
during which the time derivative representation ex-
ceeds a predetermined reference level; establishing a
threshold level signal representative of the magnitude
of substantially only the time derivative representing
the steeply rising wavefront; comparing the time deriv-
ative representation of the input signal with the thresh-
old level signal while the time derivative representation
exceeds the reference level to provide a control signal
indicative of whether or not the time derivative repre-
sentation exceeding the reference level is representative
of a valid steeply rising wavefront; and recognizing as
the gquantized values of the respective steeply rising
wavefront only the respective integrals receiving a
validating indication.

The method and apparatus of the invention addition-
ally provide for establishing the threshold level signal as
a function of the magnitude by which at least the imme-
diately preceding time derivative representation ex-
ceeding said reference level exceeds another reference
level, that other reference level normally being a zero
reference and the same as said reference level.

The method and apparatus of the invention addition-
ally provide for doubly differentiating the input signal
in a low-frequency range to alternate high amplitude,
low-frequency components.

- In one embodiment of the invention, the method and

apparatus provide for integrating the time derivative
representation in accumulating means whenever the
representation exceeds the reference level, and to then
recognize as a valid integral value only that integral
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obtained during an interval in which the time derivative
representation at some time exceeded the threshold
level.

In another embodiment of the method and apparatus

of the invention, an immediately preceding portion of

the time derivative representation having a duration at
least as long as the maximum anticipated duration of the

rise of the steeply rising wavefront is temporarily
stored. When the time derivative representation crosses
the reference in the negative going direction and a de-
termination has been made that the representation had
exceeded the threshold level during the immediately
preceding “above 0 passage, the stored representation
1s then read out of storage in a last in-first out sequence
and the “above 0” portion thereof is integrated in accu-
mulating means to form the requisite integral value.

The apparatus of the invention finds particular utility
in blood pressure monitoring equipment wherein it is
desired to know the peak-to-peak value of each blood
pressure pulse across the systolic rise (steeply rising
wavefront) from end diastole to systole. Such knowl-
edge of the peak-to-peak value of each blood pressure
pulse it utilized in a preferred embodiment for determin-
ing the systolic pressure of a living test subject. The
input signal may be obtained from a pressure cuff or
other means. Means are provided for determining the
maximum value attained by successive recognized (i.e.
valid) integral values, which values correspond with
the peak-to-peak value of the respective pulses. The
maximum determined integral value is stored and means
are provided for determining when a said integral value
1s substantially equal to about one half of the maximum
integral for an applied pressure greater than the pres-
sure applied by the cuff when the maximum integral
value results, the applied pressure at which that:particu-
lar one half maximum integral value occurs belng read
out as the systolic pressure. Lo

It is a principal object of the present mventlon to
provide an improved apparatus and process/method for
identifying and quantizing an essentially periodic,
steeply rising wavefront in the presence, or possible
presence, of low amplitude interference, and possibly
also high amplitude, low frequency interference.

It is another object of the present invention to pro-
vide an improved apparatus and process/method for
determining systolic pressure. Included in this object is
the provision of an improved apparatus and process/-
method which determines systolic pressure in a manner
which reduces the possibility of false readings and
thereby increases accuracy.

These and other objects and advantages of the pres-
ent invention will be apparent to those skilled in theart
after referral to the detailed description of the preferred
embodiments in conjunction with the appended draw-
ings.

- BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 1 illustrates a prior art technique for the deter-
mination of the peak-to-peak magnitude of the pulsatile
pressure within a blood vessel; |

FI1G. 2 illustrates a technique for the determination of
peak-to-peak amplitude of the pulsatile pressure in ac-
cordance with the invention; |

FIG. 3A illustrates a typical oscillometric envelope
of the pulsatile pressure of a blood vessel;

FIG. 3B 1llustrates the time derivative of the FIG. 3A
waveform;
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- FIG. 3C illustrates a controlled mode timing diagram
in_accordance with the basic method and apparatus of
the invention;

FIG. 3D 1llustrates the time intervals obtalned from
the waveform of FIG. 3B in accordance with the basic
apparatus and process of the invention;

FIG. 4 illustrates, in a block diagram, the apparatus
and process of one embodiment of the invention;

FIG. 5 illustrates a plot of the gain vs. frequency
characteristics of a differentiating network employed in
a preferred embodiment of the invention; |

FIG. 6A represents an enlarged portion of the time
derivative waveform illustrated in FIG. 3B showing a
validation threshold level and the timing of various
control states associated therewith in accordance with
the embodiment illustrated in FIG. 4;

FIG. 6B illustrates a control state dlagram In accor-
dance with FIG. 6A and the embodiment of FIG. 4;

FIG. 7 illustrates a flow chart or decision tree of the
control sequence employed by the embodiment illus-
trated in FIG. 4 between successive heart beats;

- FIG. 8 illustrates, in an abbreviated block diagram
supplemented by FIG. 4, the apparatus and process of
another embodiment of the invention; and =

~ FIG. 9 illustrates a technique similar to that of FIG.
2 for the determination of peak-to-peak amplitude of the
pulsatile pressure and further including threshold detec-
tion means for identifying particular “above zero” pas-
sages of the waveform derivative as valid systolic rises.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

- Referring first to FIG. 1, there is illustrated a func-
tional block diagram of certain portions of the systolic
pressure measuring apparatus described in the afore-
mentioned application U.S. Ser. No. 578,047. More
specifically, the functional blocks of FIG. 1 illustrate a
filter network 100 having its output connected through
amplifier 102 to the input of a peak-to-peak detector
104. Filter network 100 receives an input signal 186a on
input conductor 106. The input signal 106a comprises a
slowly-increasing ramp indicative of the applied cuff
pressure and having superimposed thereon the time-
dependent fluctuating component representative of
pulsatile pressure within the blood vessel of the subject,
which component representative of pulsatile pressure
has a steeply rising wavefront relative to the remaining
-components during the rise from end diastole to systole.
Filter network 100 was typically constructed such that
its output waveform 100z had the linear effects of the
pressure ramp removed therefrom, however, any ran-
dom and uncontrollable deviation from the presumed
linearity of the pressure ramp would introduce errors in
the signal 100a. For instance, if a large perturbation in
the cuff pressure ramp was encountered, filter 100 re-
quired a considerable time to recover and could allow
some variation in the base line 1005 (dotted) from which
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the fluctuating signal proportional to the amplitude of

the pulsatile pressure within the blood vessel w as mea-

sured. Accordingly, each time peak-to-peak detector 60

104 is operated in response to sampling signals 108, the
resulting output signal 110q appearing on conductor 110
included those peak-to-peak errors introduced by the
variation in base line 100b.

In accordance with the present invention as illus-
trated generally in FIG. 2, an input signal 206a having
a waveform identical to that of waveform 1064 in FIG.
1 is applied to the input conductor 206 to differentiating

65

6

network 200. Differentiating network 200 is con-
structed such that it provides single differentiation of
signal 206a over that range of frequencies correspond-
ing with the frequencies of the fluctuating signal pro-
portional to the amplitude of the pulsatile pressure
within the blood vessel, and doubly differentiates the
input signal below that range of frequencies in order to
remove the offset effects of a linear pressure ramp and
any very low frequency perturbations which might
have appeared in the otherwise linear pressure ramp.

A filter or differentiating network having the proper-
ties required of network 200 will possess the Gain v.
Frequency characteristics illustrated in FIG. § in which
the Gain curve exhibits a — 6db per octave slope in the
frequency range f;-f; and a — 12db slope for frequencies
below f;. The frequency range fi—f; corresponds with
the bandwidth of the P,.signal comprising the fluctuat-
ing quantity representative of the pulsatile pressure.
Frequency f; may be about 0.05-0.1 Hz and f, may be
about 10-20 Hz. Network 200 may conveniently be
provided by an electronic two-pole active filter provid-
ing the —12 DB attenuation below f; and an analog
differentiator for providing the —6 DB attenuation
below f5. Above the f; and f; corner frequencies the
active filter and analog differentiator respectively have
substantially flat passbands. That portion of input signal
206a representative of the pulsatile blood pressure is
differentiated and appears at the output of differentiat-
ing network 200 as signal 200a, hereinafter designated
P.

This P signal (200q) is applied through amplifier 202
to the input of an integrator 204 which, by integrating
the P signal over a predetermined interval during each
pulse, provides an output value corresponding with the
peak-to-peak pressure of each blood pressure pulse.
Sample-and-hold circuitry 205 associated with integra-
tor 204 serves to sample the value appearing at the
output of integrator 204 at the end of each interval of
integration and to hold that value for an interim period
until integration of the next pressure pulse begins. Con-
trol of integrator 204 and sample-and-hold circuit 205 1s
provided by the RESET/INTEGRATE/HOLD-sig-
nal 208 which controls the period of integration and
serves to clear the integrator prior to each new integra-
tion. The output from sample-and-hold circuit 205 ap-
pears on line 210 as waveform 210z having a magnitude
which corresponds with the area under that portion of
the waveform P being integrated.

Referring to FIGS. 3A and 3D for an understanding
of the theory underlying the invention, it will be re-
called from the aforementioned U.S. patent application
Ser. No. 578,047 that the systolic pressure is equal to
applied cuff pressure when the fluctuating quantity is
about equal to one half the maximum of value of the
fluctuating quantity. The maximum value of the fluctu-
ating quantity is determined by measuring the diastole
and systole in successive blood pressure pulses. That
pulse exhibiting a maximum P-P amplitude is taken as
the maximum value and the applied cuff pressure i1s
further increased such that the P-P amplitude decreases
and the systolic pressure ts determined by noting the
applied cuff pressure at which the P-P pressure becomes
one half of the P-P maximum.

FI1G. 3A illustrates the time-dependent fluctuating
component, P,., representative of pulsatile pressure
within a blood vessel. The root ED of each valley in the
P,. waveform corresponds with the time of diastole, or
more specifically end diastole in a heart beat and the
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waveform peak SP corresponds with the time of systole
in the heart beat. As earlier described, the signal from
the cuff is differentiated to remove the applied pressure
~ramp and low frequency random perturbations, and
results in the derivative P of waveform P,. as repre-
sented in FIG. 3B. Because waveform P, exhibits zero
slope at both end diastole (ED) and the systolic peak
(SP), the derivative waveform P will be of zero magni-
tude at each of those times. Further, because P, exhibits
a positive slope during the systolic rise between ED and
SP, the P waveform lies above the zero reference line
during this interval. The zero-crossing points ED and
SP of the P waveform correspond with the points of
maximum amplitude between successive P, pulses and
thus the area under the P waveform and above the zero
reference between end diastocle ED and the systolic
peak SP provides a value which corresponds with the
P-P value of the respective blood pressure pulse. This
area 1S determined by integrating the “above zero”
section of the P waveform. It should be noted that end
diastole (ED) also corresponds essentially with the initi-
ation of the rise to systolic peak (SP).

FI1G. 3C illustrates a control signal generally similar
to that of signal 208 in FIG. 2 which clears or resets the
integrator prior to the interval of integration, then inte-
grates the P signal over the interval of integration, and
finally samples and holds the value of the integration as
a representation of the P-P value of the respective blood
pressure pulse. This sequence of control events is re-
peated with the resetting operation being indicated by
R, the integrating operation being represented by [,
and the sample and hold operation being represented by
S+ H. In fact, the sampled integral may be held longer
than is suggested by the brief duration of the S+H
signal in FIG. 3C.

The results of integrating the P waveform between
the limits of EDD and SP are illustrated in FIG. 3D. The
magnitude of the integral at the time of the systolic peak
SP corresponds with the P-P value of the respective
blood pressure pulse.

In implementing the concept of mtegratlng the P
waveform over tne interval of systolic rise to obtain
respective P-P values for the respective blood pressure
pulses or heart beats, standard circuitry may be used to
detect when the P waveform crosses the zero reference
In the positive going direction to begin the integration
and to determine when it crosses the zero reference in
the negative going direction to terminate the integration
and/or periorm the sample and hold function. The inte-
grator may be reset immediately after sample and hold
and preferably continue until the next positive going
zero-crossing of P. The resulting integral may then be
considered as representing the P-P value of the respec-
tive pulse. However, certain characteristics of the P,
waveform and/or the presence of signal artifacts during
the diastolic drop may result in P appearing above the
zero reference for a brief time other than between end
diastole and the systolic peak. For instance, as illus-
trated in FIGS. 3A and 3B, if random muscular activity
introduces a “high frequency” signal artifact (ART)
just prior to end diastole when the slope of the P,

waveform is relatively flat, the derivative P waveform

may present part of the artifact as a ‘“greater than zero”
value and result in the tentative values tllustrated paren-
thetically in FIGS. 3C and 3D.

In accordance wiin an aspect oi the invention, illus-
trated generally in FIG. 9, a threshold level is estab-
lished for discriminating between those P values greater

8

than zero which attend the systolic rise and those sig-

- nals, such as artifacts and the like, which do not attend
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the systolic rise. The magnltude of P signal associated
with the systolic rise is normally significantly greater
than the magnitude of any other (above zero) portion of
the signal (as from artifacts) and accordingly, this al-
iows discrimination between such signals. The determi-
nation that the P waveform exceeds the threshold level

during a particular above zero” passage serves to vali-
date the integration of that ‘‘above zero” passage be-

tween its respective ED and SP limits.

Referring to FIG. 9, in which those components
functionally identical to corresponding components in
FI1G. 2 are identically numbered, the input signal 206a is
differentiated by differentiating network 200 to provide
the P waveform which is passed through amplifier 200
to the respective inputs of integrator 204, a threshold
detector 912, and a zerg-crossing detector 907. The
zero-crossing detector 907 may correspond with means,
not shown in FIG. 2, which established the interval of
integration and resulted in the control signal 208
therein. The threshold detector 912 establishes .a signal
magnitude threshold value above which the P wave-
form is presumed to be indicative of a valid systolic rise.
When the incoming P waveform exceeds the threshold
level of detector 912, a signal is provided to the input of
validating logic 914 indicative of such threshold level
having been exceeded. Similarly, the validating logic
914 receives an input from the output of the zero-cross-
ing detector 907 to define when the P waveform crosses
a zero reference in the positive going direction and also
in the negative going direction. The output 908" from
validating logic 914 is applied to the RESET input of
integrator 204 for resetting the integrator at least sub-
stantially at the beginning of each desired perlod of

Integration begmmng with the P waveform crossing the

zero reference in the positive going direction. The out-
put 908 from validating logic 914 is applied to the “sam-
ple” input of the optional sample -and-hold circuit 205
and serves to store the integral value accumulated by
1ntegrator 204 between the positive going and negative
going zero crossings of the P waveform only if thresh-
old detector 912 has provided an indication that the P
waveform during that interval was in fact a valid sys-
tolic rise. The output 910 of sample-and-hold circuit 205
varies from the output of 210 of FIG. 2 only where the
latter might have included an invalid output value rep-
resentative of a systolic rise when in fact only an artifact
was present.

While a threshold of fixed magnitude above the zero
reference might be utilized if an “above zero” portion of
the P waveform did not vary in magnitude in successive
pulses, such 1s not the case, particularly when using the
present oscillometric blood pressure monitoring tech-
niques in which the ac pressure signal P,.increases from
a smali amplitude at a low applied pressure to a large
amplitude at a larger applied pressure and then to a
smaller amplitude at a still larger applied pressure.
Therefore, the threshold level, indicated as TRLD in
F1G. 3B, 1s selected to be a function of the magnitude of
the systolic rise portion of the P signal over one or more
of the immediately preceding blood pressure pulsations.
The increase (and subsequently decrease) in magnitude
of successive systolic rises in the P waveform is suffi-
ciently gradual, and the relative amplitude of any
“above zero” non-systolic rise components of the P
waveform are sufficiently small, that a dynamic thresh-
old which corresponds with 50% of the maximum
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“above zero” amplitude of the systolic rise of the P
waveform during the preceding pulse is herein consid-
ered sufficient for recognizing only those *“above zero”

portions of the P waveform Wthh in fact attend the

systolic rise.-

[t will be appremated that the dynamlc threshold
level mlght be established by summing and welghtmg
several prior systolic rise portions of the P waveform in
which case threshold TRLD might be at a preselected
level greater or less than 50% of the magnitude of the
immediately preceding systolic. rise. *An analog exam-
ple of a dynamic threshold detector of the type suitable
for appllcatlon herein is described in greater detail in
U.S. Pat. No. 3,590,811 to Harris for Electrocardio-
graphlc R-wave Detector. Digital means-for establish-
Ing a dynamnc threshold level w:ll be described herein-
after in greater detail.

Reference is now made to FIGS. 4 6, and 7 for a more
detailed description of the apparatus and process of one
aspect and embodiment of the invention. The apparatus
is described with reference to the functional block dia-
gram of FIG. 4 which provides for the digital process-
ing of the analog signal received from transducer 23.
However, it will be appreciated that analog implemen-
tation is similarly possible. More specifically, discrete
electronic components, discrete digital chips, micro-
processor technology and structure, or digital computer

can be employed FIGS. 6 and 7, respectively, comprise

a state dlagram and a flow chart, or decision tree, asso-
‘ciated with the processing of the P signal between suc-
cessive blood pressure pulses corresponding with suc-
cessive beats of the heart. Generally speaking, the 51gnal
processing steps of the improved blood pressure moni-
toring apparatus and technique of the invention, illus-

10

The output of multiplexing switch 25 proceeds, as
represented by line 32, to analog-to-digital (A/D) con-

- verter 33. The output of A/D converter 33 proceeds, as
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represented by line 48, to inputs at gates 40 and 42,
respectively. A clock 34 generates timing pulses which

proceed, as represented by line 35, to a timing-control
unit 36 which controls the switching of multiplexer 25,
the conversion of the analog signal to a digital signal,
and the gating of gates 40 and 42. One output of timing
control 36 proceeds, as represented by line 44, to muiti-
plexer 25, A/D converter 33, and the other input of gate
40 to control the conversion of the P signal appearing
on line 31 to a digital form which is then applied to gate
40 via line 48. Another output of timing control unit 36
proceeds, as represented by line 46, to multiplexer 25,
A/D converter 33, and the other input of gate 42 for
controlling the conversion of the analog signal from
transducer 23 to a digital form which is applied to the
gate 42.

The gating signals appearing on lines 44 and 46, re-
spectively connected to the inputs of gates 40 and 42,
are of sufficient duration that the digitally-converted
data associated therewith and appearing at the other
input to the respective gate is passed through the partic-
ular gate. It will be further appreciated that the control
signals represented by lines 44 and 46, as illustrated
herein, exist mutually exclusively of one another such
that the data appearing on line 31 or 24 is connected to
the appropriate gate 40 or 42, respectively.

The period between successive blood pressure pulses

~ is normally on the order of 800-1000 milliseconds with

trated in FIGS. 6 and 7, correspond with that portion of 35

the FIG. 4 apparatus which mtegrates the P mgnal be-
tween the limits ED--»>SP. .-

The arm 11 of a test subject w1th artery 13 therem 1S
surrounded by a typical blood pressure cuff 15. Typl-
cally, the brachial artery located in the upper arm is
‘employed for this type of blood pressure measurement.
Attached to the cuff via conduits 17 and 21 are pump 19
and pressure transducer 23, respectively. Transducer 23
has a transfer function such that its electrical output is
substantially representative of its pressure input up to
the limit of information contained in the pulse pressure.
The pressure transducer serves to measure the pressure
within the cuff, which pressure is the sum of pressure

45

supplied by the pump and the fraction of pressure pro-

duced by blood pressure fluctuation within the artery,
as represented by waveforms 106a and 206a in FIGS. 1
and 2, respectively. The fluctuating portion of the out-
put of transducer 23 represents the amplitude of pulsa-
tile pressure. The output of transducer 23 proceeds, as
represented by line 24, to one nput of multiplexing
switch 25. The output of transducer 23 also proceeds, as

represented by line 26, through normally closed switch

27 to the input of differentiating network 28. The output
of differentiating network 28 proceeds, as represented
by line 29, to amplifier 30 and proceeds as. represented
by line 31, to the other input of multiplexing switch 25.

The dlfferentlatmg network 28 differentiates the

50

55

input 51gnal over the fi-f; bandwidth of signal P, as

illustrated in FIG. 5, and additionally provides double

differentiation of the frequencies below f}. In this man-
ner, substantially the only signal appearing on line 311is
that of the dlfferentlated (P) representatlon of the P,

waveform. -

65

the systolic rise occupying some 10-20% of each per-
iod. The P signal may be integrated over the systohc
rise portion by sampling a sufficient number of incre-
mental portions (P,) of the P waveform to closely ap-
proximate the area under the P waveform. Typically,
10-20 samples during the 100-200 milliseconds of a
typical systolic rise will be sufficient to provide the
requisite number of P;increments and the rate of clock
34 and the control signals on line 44 are selected accord-
ingly. At least once during each blood pressure pulse a
control signal appearing on line 46 operates to convert
the signal on line 24 to digital form and to load the
digitized signal into computing and averaging unit 83 as
a measure of the applied pressure in cuff 15, as will be
later described.

Each time a conversion and gating signal appears on
line 44 from timing control unit 36, a correspondingly
timed incremental sample P; of the P waveéform appears
at the output of gate 40. This incremental sampling of
the P waveform occurs preferably repetitively through-
out the blood pressure pulse and at least during the
interval in which the P waveform exceeds the zero
reference level. The system timing also provides for
sampling the waveform on line 24 at least once during

‘each pressure pulse at a time (s) which does not conflict

with the sampling of the P waveform on hne 31.

Each sample P; i1s supplied from gate 40, as repre-
sented by line 50, to respective inputs on gate 52, com-
parator 54, comparator 56 and comparator §8. The P;
input to comparator 54 i1s compared with a so-called
zero reference value (P,) represented as line 60. The
output of comparator 34, as represeted by line 62, 1s set
to a level representative of unity if the P; value appear-
ing at the input of the comparator i1s greater than (> )
the zero reference value P,, and to a level representative
of zero if it is equal to or less than P,. The reference
value P, appearing on line 60 1s intended to correspond
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with the zero reference of FIG. 3B. The actual voltage
appearing on line 60 is adjustable and appears as the
voltage, for purposes of illustration, on the wiper of a
potentiometer 20 having its end terminals connected to
voltages respectively above and below a voltage which
might correspond with the appropriate P, voltage. In
order to accurately determine the correct P, voltage
setting, switch 27 may be temporarily actuated such
that a “zero” value appears as the P;output from gate 490
on line 50, and the P, value on line 60 is adjusted to
equal that appearing on line 50. It will be appreciated
that the P, voltage level appearing on line 60 appears in
a digital form (via A/D conversion means not shown)
for comparison with the digitized P; value appearing on
line §0. _

Whenever the P; value exceeds P,, the unity output
on line 62 enables gate 52 to pass the particular P; value
to the gate output, as represented by line 64. Accord-
ingly, the data appearing on line 64 is representative of
a P; value greater than P,.

Each such P; value appearing on line 64 is applied to

and accumulated in an accumulator 66 which, by sum-

ming successive increments P;, integrates the P wave-
form over the relevant mterval from which incremental
samples are taken. The accumulated sum of P; incre-
ments 1s available at the output of accumulator 66 as
represented by line 68 following the addition of each
successive P;increment to the sum. This output 68 from
accumulator 66 is applied as an input to gate 78 for
controlled introduction to the “beat-to-beat” circuitry
to be hereinafter described.

The interval over which the accumulator 66 accumu-
lates P;increments is delimited at its later end by the P;
increment being equal to or less than (=) the zero refer-
ence value P,. To identify this limit, the P; value on line
50 and the P, value on line 60 are applied as the two
inputs to comparator 56, the output being represented
by hing 70 and being set from a zero to a unity level
when P;is equal to or less than P,. A bistable element 72
has the output of comparator 54 appearing on line 62
extended to a “Set” input thereof for setting the Q out-
put thereof to unity when P; first exceeds P, and the
output of comparator 54 goes irom zero to unity. Simi-
larly, the output of comparator 56 is applied on line 70
through delay element 74 to the “Reset” input of bista-
ble element 72, such that the  output of the bistable
element 1s set from zero to unity substantially at the time
P; is no longer greater than zero. In this manner, the
bistable element 72 serves to identify the interval during
which the P;increments of waveiorm P exceed P,.

The Q output of bistable element 72 proceeds, as
represented by line 76, to the “Reset” input of accumu-
lator 66 for clearing or resetting the accumulator to
zero when the Q output is unity. This resetting of accu-
mulator 66 is intended to include not only the time at
which the P; waveform first moves to or below the P,
reference level, but also through the time it remains at
or below P,. In this way, accumulator 66 is prevented
from integrating any portion of the P waveform other
than that which exceeds the P, reference level. Delay
element 74, which may comprise 2 one-shot or the like,
serves to briefly delay the resetting of bistable element
72 by an interval which 1s less than the interval between
successive P;samples but which is great enough to delay
the resetting of accumulator 66 until the final integral
value appearing on line 68 is transmifted through gate
78, as will be hereinafter explained.
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A gating pulse appearing on line 80 is applied to gate
78 at the end of each systolic rise interval such that the
time integral of the P waveform between the limits ED
and SP appears at the output of the gate and proceeds,
as represented by line 82, to the beat-to-beat signal pro-
cessing circuitry. In order that the gating pulses appear-
ing on line 80 are provided only at the end of systolic
rise and not at the end of some other “above zero”
portion of the P waveform which may be associated
with the dicrotic notch or the like, the P; increments
appearing on line 50 are compared in comparator 58
with a stored threshold value appearing on line 84 to set
a bistable element 86 if the threshold value is exceeded.

The stored threshold value appearing on line 84 is
determined to be one half the magnitude of the P;incre-
ment of maximum magnitude during the systolic rise of
the preceding blood pressure pulse, as will be hereinaf-
ter described. The output from comparator 58 pro-
ceeds, as represented by line 88, to the “Set” input of
bistable 86, and goes from zero to unity when the first
P; increment exceeding the stored threshold value oc-
curs. This sets the Q output value of bistable 86 to the
unity level, at which it remains until reset by a signal
appearing on line 70 which is extended to the “Reset”
input of the bistable element. The zero-to-unity signal
transition on line 70 occurs when P;is first = P,. At this
latter instant, the Q output of bistable 86 goes from
zero-to-unity, which output proceeds as represented by
line 90, to the inputs of pulse generators 92 and 94 re-
spectively. o

Pulse generator 92 is responsive to the zero-to-unity
input transition for generating the output gating pulse

represented by line 80 for passing the integral value

appearing on line 68 through gate 78 to its output 82. It
will be appreciated that the delay afforded by delay
element 74 1s sufficient to allow gating of the integral
value on line 68 through gate 78 prior to the resetting of

- accumulator 66 by the “Reset” signal appearing on line

435
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76. |
Referring to the provision of a dynamic threshold
value against which the P waveform is compared for
the purpose of validating or rejecting in “above zero”
passage of the waveform as a systolic rise, the signal on
line 64 representative of P; increments being > P, is
extended to an input of comparator 95 and an input of
gate 96. The comparator 95, as represented by line 97,

controls gate 96. The gate 96 serves to allow selected f’,-

increments to be loaded into the storage unit 98 via line
99. The 15,- value stored in storage unit 98 is applied, via
line 120, to the other input of comparator 95. The out-
put of comparator 95, as represented by line 97, goes
from a zero level to a gate-enabling unity level when-
ever the incoming P;increment is greater in magnitude
than the P, increment retained in storage unit 98. In this
manner, the P; increment retained in storage unit 98
represents the P; increment of maximum magnitude to
that time within the particular “above 0” portion of the
P waveform. )

At the time when the P waveform again crosses
below the P, reference level, the value stored in unit 98
is representative of the maximum P; (P; max.) occurrin
during the immediately preceding ‘“above zero” %
waveform. The retained P; max. value is applied-to
“divide-by-two” circuit 122 via line 124 to develop the
threshold value which will be entered in storage unit
126. However, the actual division of the P; max. value
and its storage in unit 126 do not occur until receipt of
a trigger or gating signal appearing on line 128 from the
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output of pulse generator 94. As with gating signal 80
from pulse generator 92, gating signal 128 occurs only if
the present *“above zero” passage of the P waveform has
been recognized as a valid systolic rise following com-
parison with the threshold established by the preceding
systolic rise, and it occurs at the time the P waveform
passes below the P, reference level. At that time, the
new P;max/2 value is entered, via line 130, in threshold
storage unit 126 to become the new threshold value
against which the next “above zero” passage of the P
waveform is compared.

The “Reset” signal represented by line 76 is similarly
extended to the “Reset” or clear input of storage unit 98
shortly after the new threshold value has been stored in
unit 126 to clear storage unit 98. It will be appreciated
that the resetting of P; max storage unit 98 occurs not
only when an “above zero” passage of the P waveform
has been recognized as a systolic rise, but also following
any other “above zero” passage of the P waveform, this
latter operation being required to avoid the entry of an
artifact P; value in the determination of P; max and the
~ development of a new threshold value.

Referring now to the value represented by line 82
which comprises the time integral of the P waveform
between the limits ED-SP, such value is available at the
conclusion of each respective systolic rise for applica-
tion to the beat-to-beat circuitry described in the afore-
mentioned U.S. Patent application Ser. No. 578,047.
Briefly, the P time integral quantity appearing on line 82
proceeds through an optional averaging unit 39 (repre-
sented by dotted lines) which may average several suc-
‘cessive blood pressure pulses, e.g. four, and thence, as
represented by line 49 to inputs of comparator 43, gate
47 and systolic comparator 63 respectively. The com-
parator 43, as represented by line 45, controls gate 47.
The gate 47 serves to allow the averaging unit 39, as
represented by line 49, to load the selected value of the
(possibly averaged) P systolic rise integral representa-
tive of the pulse P-P value, as represented by line 51,
into storing unit 33.

- The value of the quantity being stored in storing 53 18
supplied to the comparator 43, as represented by line 55.
Within comparator 43, stored previous representations
of the tentative maximum value of the P systolic rise
integral are compared with current values of said quan-
tity introduced into the comparator 43 as represented
by line 49. Where the value of said quantity supplied to
the comparator 43 by line 49 is greater than the quantity
tentatively stored in the storage unit 53, as apphed to
the comparator 43 by line 55, then gate 47 1s activated
by the comparator 43 via line 45 and the larger value of
said quantity replaces the tentative maximum value 1n
storage unit 53.

The tentative maximum value of said P-P quantity 1s
introduced, as represented by line 47, into a halving unit
(divide by two) 59 wherein it is divided in half. The
divided-in-half value is introduced, as represented by
line 61, to systolic comparator 63. The (now) current
value of the (possibly averaged) P systolic rise interval
is supplied to systolic comparator 63 by line 49. When
systolic comparator 63 determines that the quantity
being supplied thereto by line 49 is less than or equal to
one half of the tentative maximum value being apphed
thereto by line 61, the systolic comparator 63 orders, as
represented by line 67, the switching means 69 to stop
the pump 19 and bleed the cuff 15 through solenoid
control valve conduit 20, the stop and bleed order being

represented by line 71.
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The switching means 69, as represented by line 73,
and systolic comparators 63 as represented by line 93,
also order interpolating unit 75 to interpolate between
the values of the applied pressure, that 1s, pressure being
applied to cuff 15 by pump 19, so as to determine the
precise applied pressure corresponding to said quantity
(P-P) being about one half of said maximum value.

Values of applied pressure are supplied to interpola-
tion unit 75, as represented by line 77 and 79. Line 77
represents introduction of the applied pressure value for
measurement just before the quantity became less than
one half the maximum value, and line 79 represents
applied pressure when the quantity was equal to or
slightly less than one half the maximum value. Stated
another way, line 79 represents the more recent value of
applied pressure. These values of applied pressure are
obtained by introducing the digitized waveform of line
24 from transducer 23 through gate 42 to a “last” (most
recent) storage unit 83 which averages the signal over
the last “n” (e.g. four) most recent blood pressure
pulses. As each new blood pressure pulse occurs, the
average value appearing in averaging and storing unit
83 is updated with the immediately preceding average
proceeding, as represented by line 89, to the storage unit
81 which then stores the “just previous” average value.

It will usually suffice for the analog signal on line 24
to be converted to its digital value substantially at the
time of the systolic peak SP, as for instance by utilizing
the signal on line 90 from bistable 86 as a timing input to
timing control unit 36. Essentially, the analog signal
appearing on line 24, and ultimately in digitized form on
line 48, is principally comprised of the slowly increasing
pressure ramp with but a very small fluctuating quantity
representative of the pulsatile pressure superimposed
thereon. Accordingly, the value appearing on line 24 is
substantially proportional to the pressure applied by
cuff 15 and represented as P;.; however, low pass filter
means may be introduced to line 24 if it is desirable to
remove the pulsatile component therefrom.

Certain obvious aspects and controls of the circuit
embodiment illustrated in FIG. 4 have been omitted
from specific illustration therein and include, for -
stance, an initializing signal applied when operation of
pump 19 is initiated to clear and/or reset essentially all
of the storage elements to an appropriate initial state.
Normally this initial state is representative of a “zero”
condition. It may be desirable, however, to initially
store some non-zero minimum threshold value in the
threshold value storage unit 126 such that the systolic
rise validation procedure is operative with the very first
blood pressure pulse. .

Further, the systolic rise portion of the P waveform
might be integrated over somewhat greater or lesser
limits than the preferred ED-SP limits to obtain a value
which is generally representative of the P-P value of the
respective blood pressure pulse. In such instance, the so
called P, reference appearing on line 60 and utilized by
the various comparators might assume a value shghtly
above or below zero.

Still further, although P; ,,., Was divided by two, it
will be appreciated that another appropriate divisor of
nearly the same value might be used if the cuff 15 and-
/or the patient’s arm are structured such that the cuff
applies maximum pressure to one side or the other of the
normal position mid-length of the cuff.

Further still, the illustration of FIG. 4, particularly as
regards the digitalization of the P waveform, the deter-
mination of the limits of the systolic rise, and the deter-
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mination of a valid systolic rise, is intended to portray
but one of several possible alternatives circuitry conﬁg-
urations for implementing the principles of the inven-
tion. For instance, the determination of when the P
waveform goes above and below P, and whether or not
a valid systolic rise has occurred mlght be made on the
analog P waveform prior to its digitalization, and such

determinations then used to control which portions of

the P waveform appear as P; increments for introduc-
tton to accumulator 66. Further, comparator 56 and
“state-indicating” bistables 72 and 86 might be omitited
if comparators 54 and S8 operate only on analog wave-
forms or otherwise have the digital signal information
continucusly applied thereto.

It is understcod by those skilled in the art that imple-
mentation of the various functions represented in FIG.
4 1s accomplished from commercially available compo-
nent paris. Other than the pneumatics, pneumatic con-
trols and initial analog circuttry asscciated with trans-
ducer 23, the remaining functional blocks are con-
structed primarily from commercially available micro-
processors and other digital circuitry. In fact, there
foilows a brief description of a state diagram illustrated
in FIG. 6B and associated with the waveform shown in
FIG. 64, and a flow chart or decision tree illustrated in
FIG. 7 for clearly setting forth the decisional and opera-
tional sequence employed between successive blood
pressure pulses or heart beats.

FIG. 6A illustrates a portion of the P waveform and
subdivides the waveform according to time into five
different states as associated with the signal processing
state diagram appearing in FIG. 6B. The state diagram
and the more detailed decision tree of FIG. 7 which
derives therefrom, provide sufficient information for
one of ordinary skill in the art to impiement the con-
cepts of the invention in a digital manner, as with micro-
Processors.

Referring to FIG. 7 and the sequence of instruction
which it provides, between the systolic peak (SP) and
end diastoie (ED) of the preceding blood pressure
pulse, and thus prior tc the initiation of the systolic rise
of the current pressure pulse, the storage unit (98) con-
taining P, max 18 Cleared and the storage unit (accumula-
tor 66) containing P; sum (i.e. zpfF P) is next cleared
also, Then, a brief time-increment of the P waveform is
converied to a digital value represented by P; which
indicates the magnitude of the particular increment.
Assummg for the moment that the system is in State

“one” or possibly “two”, of wavetorm P, then P; is
compared with P,. If P; is less than or equal to P, the
system remains in State ‘one” and the sequence returns
to the “clear P; sum” step and is repeated. If, on the
other hand, P;is greater than P.,? State “two” 1s entered
and the magnrtude of P; above the reference P,is added
to the sum of P; increments (in accumulator 68) and
thereby increase the value of P; sum.

Next, a determination 1s made as to whether or not a

valid systolic rize has been recognized by the setting of

a “V. Threshold Flag”. Assuming the “V, Flag” has not
yet been set, as will be the case until State “three” of
FIGS. 6A and 6B is entered, the sequence then con-
siders whether P;is less than the threshold. Because the
system is still in State “two”, the program will branch
and the sequence beginning w1th the conversion of the
next increment of the P waveform to a P; will be re-
peated. The sequence of State “two” continues until P;
is = the threshoid izvel at which time the “Threshold
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Flag 15 set and the transition from State “two“ to State
“three” occurs. - - -
The sequence then determmes whether or not the
partleular P is less than a stored value P,,,,. Inasmuch
as P; max 18 determlned by the maximum preceding P
increment, a new P; will not normally be less than P,
max throughout State ‘three”. Thus, the sequence pro-
vides for the current value of P;to be loaded into the P
max storage position to create a new me
The sequence then determines whether or not P; is
greater than P,. Assuming that P; is in either State
“three” or State “four”, it will be larger than P and,
accordingly, the sequence returns to the step at Wthh
the P waveform is converted to a new P;increment and.
the sequence is repeated. In this manner, P; increments
are continuaily added to the stored P; sum throughout |
States “three” and “four” as well as State “two”. |

When the P waveform peak is reached, at the transi-
tion from State “three” to State “four”, a maximum P
will occur and each subsequent P; will normally be
smaller in value than the P; ,,,,, whlch was retained in
storage at the peak. Accordingly, the sequence
branches around the step which otherwise would enter
the value of the now smaller P, into the P; ,,.,, storage.

The transition from State “four;” to State “five” a
new P;1s no longer greater than P, and the sequence
recolgnlzes that the integration has been completed and
the may then be scaled as required. The scaled P;sum
is stored in a position representative of the peak-to—
peak(P-P) magnitude of the respective blood pressure
pulse for use in the interbeat processing.

Finally, the value prewously stored in P; max is
halved and that value is stored in a position representa-
tive of the threshold value to establish the threshold for
the succeeding pulse. It will be appreciated that the
threshold value will increase as the magnitude of the
ultimate P; max in each pulse increases, and will simi-
larly decrease as that ultimate P; max values decrease.

The “V. Threshold Flag’”, which will have been
previously set, is reset either now at the end of the
present sequence or alternatively at the initiation of the
sequence 1n the sequence in the next blood pressure
pulse.

It will be noted that if a particular State “two’ never
does attain the threshold level (State “three”) before
dropping below P,, (as in the case of an artifact), the V.
Threshold Flag” will remain in its reset state. Although
P increments are ccntinually added to P sum during
thta State “two” interval, they are not subsequently
treated as a valid value because the *“V. Threshold
Flag” 1s not yet set and the sequence branches back to
the “clear P;sum” step while the waveform is below I5
to contlnually clear the P; sum storage element.

Referring to FIG. 8 there is illustrated an alternate
embodiment of the invention in which it may be desir-
able to store a greater portion of the P waveform than
is represented by a single P;increment. In such a system
the integration of the appropriate intervals of the P
waveform may be accomplished by reading the above-
zero P; data stored in memory backwardly out of the
memory and into integrating means, such as the accu-
mulator $6 of FIG. 4, from which it is then processed in
the same manner as that described with reference to
Fl1G. 4. Those elements of the embodiment of FIG. 4
which are in common with the elements of the embodi-
ment of ¥IG. 8 and which do not contribute to an un-
derstanding of the latter are omitted from illustration in
FIG. 8. Similarly, those elements and functions in the
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embodiment of FIG. 4 which are identical 1n the ém-
bodlment of FIG. 8 are snmtlarly numbered in FIG. 8

The P mcrements 50 are extended to the ferward_'

input of a last-in-first-out (LIFO) storage element or
memory 569. Memory 569 has a word length of “m”
units where “m” corresponds with the number ef P;
increments that would occur during a systolic rise of
maximum anticipated duration (1e. slowest anticipated
pulse rate). This may comprise some twenty to twenty-
five P; increments. The zero crossing and threshold
detecting circuitry of FIG. 4 operate to drive the Q
output of bistable 86 to unity at the instant the P wave-
form goes equal to or below zero, assuming the thresh-
old level has been exceeded. This positive transition of
the Q output of bistable 86 appears on line 90 and is
extended as an input to pulse generator 564 which in
turn provides a pulse output on line 5§65 extended to the

ENABLE input of LIFQO drive circuitry 566. The

10

15

LIFQ drive circuitry 566 receives an input from timing

control circuitry 36’ via line 567 and is operative, when
enabled, to provide reverse drive pulses to the LIFO
memory 569. The reverse drive pulses cause the P;data
stored in LIFO memory 569 to be read out therefrom
on line 64' in the reverse order from that in which it was
entered. Timing control 36’ may provide drive pulses at

20

25

.a sufficient f rate for the entire contents of memory 569

to be reversely read between successive entries of new
P;increments. However, if the rate of drive pulses from
timing control 36" is slower, it may then be necessary to
inhibit the input of new P; increments S0 to memory 569
during the LIFO read out. |

The P; increment which resulted in the posmve going
transition of the Q output of bistable 86 is not itself
_stored .in memory 569 and accordingly, the last P;incre-
‘ment entered will be of a small positive va;’ue ‘Thus,
when the contents of memory 569 are read In reverse
_order, the data appearing on linc 64’ will first be of a
_hsmall positive value and will increase in the positive
| dlrectlon and then decrease toward the zero reference,
in the reverse sequence from that in which it was ini-
tially stored. Line 64’ comprises one input to a compara-
‘tor 569, the other input of which 1s the P, reference 60.
Comparator 560 goes from zero to unity when the data
appearing on line 64’ is equal to or goes less than the P,
reference. The output of comparator 560 is extended via
line 561 to the input of a pulse generator 562 for gener-
ating an output pulse when the comparator makes a
‘transition from zero to unity. The output of pulse gener-
ator 562 is extended via line 563 to the DISABLE input
of the LIFQ drive control circuitry 566 for inhibiting
further applleatlen of reverse drive pulses to the LIFO
- memory 569. In this way, the P data appearing on line
64’ is the time-reversed, above-zero data representative
of a valid systolic rise for a blood pressure pulse.

The data on line 64’ is extended to the accumulator 66
“wherein it is summed as earlier described. The output of
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foregomg description, and all changes which come
within the meaning and range of equivalency of the
claims are therefore intended to be embraced therein.

We claim:

1. Apparatus for determlnmg systolic pressure of a
living test subject comprising means for applying a
selectively changeable pressure to the test subject adja-
cent a blood vessel; means for measurinzg a fluctuating
quantity proportional to a sum, said sum comprising a
time-dependent fluctuating component proportional to
the amplitude of the pulsatile pressure within the blood
vessel plus the selectively changeable pressure applied
externally adjacent the blood vessel; means for convert-
ing said quantity into a representation of a time deriva-
tive of said fluctuating component thereof; means for
obtaining the time integral of said time derivative over
an interval of predetermined limits in each of successive
blood pressure pulses, said interval being the time dur-
ing which said time derivative representation exceeds a
predetermined reference level; means for determining
the maximum value attained by successive said integrals
as the applied pressure is changed; means for.storing a
representation of said maximum integral value; means
for determining when a said integral is substantially
equal to a predetermined fraction of said maximum
integral value for an applied pressure greater than the
pressure applied when said maximum integral value
results; means for reading out said applied pressure
corresponding to said integral being substantially equal

to said predetermined fraction to said maximum value,

said read-out pressure corresponding to the systolic
pressure of said subject; means for establishing a thresh-
old level signal representative of the magnitude of sub-
stantially only the time derivative representing a sys-
tolic rise; means for comparing said time derivative
representation of said fluctuating component of said
quantity with said threshold level signal while said time
derivative representation exceeds said reference level to
provide a control signal indicative of whether or not
said time derivative representation exceeding said refer-
ence level is representative of a valid systolic rise; and
means responsive only to a validating indication that a
particular said time derivative representation exceeding
said reference level is a systolic rise for extending said
integral of said particular representation to said maxi-
mum integral value determining means and said fraction
of maximum integral value determining means.

2. The apparatus of claim 1 wherein said input signal
is additionally in the possible presence of high ampli-
tude, low frequency interference and wherein said time
derivative means comprises a differentiating network
for converting said input signal into a representation of

- the first time derivative thereof over a frequency band

35

accumulator 66 is extended via line 68’ to the input of

gate 78. Control pulse 80 applied to gate 78 serves to
pass the resultant sum accumulated in accumulator 66
through gate 78 to its output, represented by line 82, and
subsequently to the processing circuitry (not shown)
described earlier with reference to FIG. 4.

The invention may be embodied in other specific
forms without departing from the spirit or essential
characteristics' thereof. The present embodiments are
therefore to be considered in all respects as illustrative
and not restrictive, the scope of the invention being
indicated by the appended claims rather than by the

65

including said steeply rising wavefront and into a repre-
sentation of the second time derivative thereof at the
lower frequency of said possible high amplitude, low
frequency interference.

3. The apparatus of claim 1 wherein said threshold
level signal establishing means establishes said threshold
level as a function of the magnitude by which at least
the immediately preceding time derivative representa-
tion exceeding said reference level exceeds another
reference level.

4. The apparatus of claim 3 wherein said reference
level and said other reference level are the same.

5. The apparatus of claim 4 wherein said threshold
level is proportional only to the magnitude by which
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said immediately preceding time derivative representa-
tion exceeds said reference level.

6. The apparatus of claim 5 wherein said threshold
level 1s substantially 50% of said reference-exceeding
magnitude of said immediately preceding time deriva-
tive representation.

7. The apparatus of claim 6 wherein said means for
- obtaining the time integral of said time derivative repre-
sentation comprises accumulating means, said time de-
rivative representation being subdivided into successive
subinterval increments applied to and accumulated in
said accumulating means during each interval in which
it exceeds said reference level, the accumulated value of
said subinterval increments for each said reference-lev-
el-exceeding interval comprising a respective tentative
sald integral, said systolic rise validating means being
operative to extend only said integrals attending respec-
tive valid systolic rises to said maximum integral value
determining means.

8. The apparatus of claim 8§ wherein said means for
obtalnlng the time integral of said time derivative repre-
sentation comprises accumulating means, means for
temporarily storing that portion of said time derivative
representation extending over an immediately preced-
ing interval, said immediately preceding interval being
at least as long as the maximum anticipated duration of
the systolic rise portion of the blood pressure pulses,
means responsive to said time derivative representation
going from a level exceeding said reference level to a
level not exceeding said reference level and responsive
to an indication of valid systolic rise from said validat-
ing means for directing a last in-first out readout of said
portion of said time derivative representation stored in
sald storage means, means for extending said readout
from said storage means to said accumulating means and
for accumulating only those values of said readout
which exceed said reference level, the value of said time
derivative representation readout accumulated by said
accumulating means being extended to said maximum
integral value determining means.

9. The apparatus of claim 1 wherein said means for
obtaining the time integral of said time derivative repre-
sentation comprises accumulating means, said time de-
rivative representation being applied to and accumu-
lated in said accumulating means during each interval in
which i1t exceeds said reference level, the accumulated
value of each said reference-level-exceeding intervals
comprising a respective tentative said integral, said
systolic rise validating means being operative to extend
only said integrals attending respective valid systolic
rises to said maximum integral value determining
means.

10. The apparatus of claim 9 including means for
clearing said accumulating means prior to each subse-
quent integrating accumulation.

11. The apparatus of claim 9 including means for
converting at least said reference-level-exceeding por-
tions of said time derivative representation to consecu-
tively timed discrete increments thereof and wherein
said accumulating means sum said discrete increments
which exceed said reference level.
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12. The apparatus of claim 1 wherein said means for
obtaining the time integral of said time derivative repre-
sentation comprises accumulating means, means for
temporarily storing that portion of said time derivative
representation extending over an immediately preced-
ing interval, said immediately preceding interval being
at least as long as the maximum anticipated duration of
the systolic rise portion of the blood pressure pulses,
means responsive to said time derivative representation
going from a level exceeding said reference level to a
level not exceeding said reference level and responsive
to an indication of valid systolic rise from said validat-
ing means for directing a last in-first out readout of said
portion of said time derivative representation stored in
sald storage means, means for extending said readout
from said storage means to said accumulating means and
for accumulating only those values of said readout
which exceed said reference level, the value of said time

- derivative representation readout accumulated by said

accumulating means being extended to satd maximum
integral value determining means.
13. The apparatus of claim 12 including means for
clearing said accumulating means prior to each subse-
quent integrating accumulation.
14. A method for deternnnmg blood pressure of a
living test subject comprising:
applying a selectively changeable pressure to theé test
sub_]ect adjacent a blood vessel; | |

measunng a quantity proportional to a sum, the sum
comprising a time-dependent fluctuating compo-
nent proportional to the amplitude of the pulsatile
pressure within the blood vessel plus the selec-
tively changeable pressure applied externally adja-
cent the blood vessel;

converting said quantity into a representation of the

time derivative of the fluctuating component
thereof, a portion of the time derivative in each of
successive blood pressure pulses being representa-
tive of the systolic rise; S
determining the time integral of said time derwatwe
_over an interval of predetermined limits in each of
successive blood pressure pulses as a measure of
this systolic rise, said interval being the time during
which said time derivative representation excceds a
predetermined reference level;
establishing a threshold level mgnal representative: of
the magnitude of substantially only the time denva—
tive representatlon of a systolic rise:

comparing said time derivative representation of sald

fluctuating component of said quantity with said
threshold level signal while the time derivative
representation exceeds said reference level to pro-
vide a control signal indicative of whether or not
said time derivative representation exceeding said
reference level is representative of a valid systolic
rise;

processing selective ones of said time integral to pro-

vide an indication of blood pressure; and

selecting for processing only the said time interval of

said time derivative representations indicated as

being valid systolic rises.
*x *x x x x
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